Mechanical resonators are gradually becoming available as new quantum systems. Quantum optics in combination with optomechanical interactions (quantum optomechanics) provides a particularly helpful toolbox for generating and controlling mechanical quantum states. We highlight some of the current challenges in the field by discussing two of our recent experiments.
Introduction
Today's quantum science has achieved an amazing level of control over individual quantum states. They are implemented in a large variety of physical systems from photons, electrons, or atoms up to solid-state systems such as quantum dots or even electronic circuits [1, 2] . This advancement has led to both more and more realistic schemes for practical quantum information processing [3] and to a quantum renaissance for fundamental experiments [4] by allowing the access to hitherto unachieved parameter and resolution regimes for novel tests of quantum theory.
Mechanical resonators are playing an increasing role in theoretical and experimental quantum physics, and they are now at the verge of becoming a new entry in the zoology of "tamed" quantum systems. In contrast to atomic systems, where quantum control of the mechanical motion is state of the art [5, 6] , mechanical resonators span the size range from hundreds of nanometers in the case of nano-electro-mechanical or nano-opto-mechanical systems (NEMS/NOMS) to tens of centimeters in the case of gravitational wave antennae. The potential for quantum-nanomechanical devices has already been envisioned in the 1990s [7] [8] [9] , and the successive developments in micro-and nanomechanical engineering eventually triggered the recent enormous experimental progress towards achieving this enticing goal. Within a very short time scale of only a few years, research on mechanical systems has generated a new interdisciplinary community of scientists who seek to achieve control over mechanical quantum states [10] . A broad variety of experimental approaches has emerged including the coupling of mechanical systems to single electrons via spin [11] or charge [12] , to Cooper pairs via microwave cavities [13] , to phase qubits via charge [14] , or to photons inside an optical cavity [15] [16] [17] [18] [19] . Only recently, coherent single-phonon control in a high-frequency micromechanical resonator has been demonstrated [14] .
Quantum optics provides a well-developed toolbox for generating, controlling and manipulating quantum states of a mechanical system, and a particularly strong analogy exists for the optomechanical case: in essence, the wellknown situation of two-mode quantum optics, in which two optical modes interact via a nonlinear medium, can be mapped onto a quantum-optomechanical situation, in which an optical mode and a mechanical mode interact via the transfer of photon momentum, i.e., via radiation pressure inside an optical cavity. This analogy has been pointed out from very early on and is based on two remarkable facts: first that the single-mode quantum description of an optical field is essentially equivalent to that of a harmonic oscillator, and second that the interaction between light and a mechanical oscillator can resemble a nonlinear (Kerr-type) interaction if the light is confined in a cavity that is modified by the mechanical motion. The latter may be implemented for example via direct changes in the cavity length [20] , by dispersion [18] , or by optical near-field effects [21] [22] [23] [24] .
The idea that mechanical properties can be modified by radiation pressure forces goes back to the pioneering works of Braginsky [25] . The first papers that made use of the quantum optics analogy and explicitly discussed the generation of quantum effects through radiation pressure inside an optical cavity appeared in the 1990's and suggested among other ideas the generation of squeezed light via the optomechanical Kerrnonlinearity [26, 27] , optomechanical schemes for photon number quantum non-demolition measurements [28, 29] , mechanical quantum noise reduction, i.e., cold damping, via feedback techniques [30, 31] or the generation of nonclassical states of mechanical systems by optomechanical interactions [32, 33] . At that time, however, experiments were not advanced enough to produce the required optomechanical interaction strengths. Only one pioneering experiment in 1983 had previously demonstrated radiation-pressure based nonlinearities in an optical cavity [34] . In 1999 the principle of feedback cooling by radiation pressure of a mechanical mirror mode has been demonstrated [31] , and in 2004 a first analogue to laser cooling was shown for a micromechanical resonator using photothermal forces [35] . Since then a plethora of experiments and theory proposals have successfully established quantum optomechanics as a viable approach to achieve and control the quantum regime of mechanical arXiv:1005.5518v1 [quant-ph] 30 May 2010
a Schematic representation of an optomechanical system. The cavity mode is an optical harmonic oscillator (described by creation and annihilation operators a † and a of the optical field) that is coupled to a mechanical harmonic oscillator (described by creation and annihilation operators b † and b of the mechanical motion), e.g., via the mechanical modulation of the cavity length. b Recent examples of mechanical resonator designs in a Fabry-Pérot cavity [66] , a microtoroid structure [59] , and an optomechanical crystal [23] . c The choice of detuning ∆ of the driving laser frequency ωpump with respect to the cavity resonance frequency ωcavity allows to engineer the optomechanical interaction and provides access to the toolbox of two-mode quantum optics. Red detuning (blue detuning) gives rise to a beamsplitter (two-mode squeezing) interaction, which is of relevance, e.g., for optical cooling or quantum state transfer (for the generation of optomechanical entanglement). Resonant driving (∆ = 0) allows for example for quantum nondemolition measurements.
resonators [36] [37] [38] [39] [40] . Recently, even ultracold atoms have emerged as ideal test systems for cavity optomechanical interactions by using a collective mechanical degree of freedom of the atomic cloud, which is strongly coupled to an optical cavity field [41, 42] . With the availability of high-quality optomechanical devices, these early theories have now become an important basis for a whole new field of quantum optomechanics that aims at exploiting the quantum regime of mechanical resonators by means of quantum optics.
The prototypical setup works as follows. Let us consider the case of a single-sided Fabry-Pérot cavity of length L, frequency ω c , and linewidth κ with a suspended end mirror of mass m and mechanical resonance frequency ω m (see Fig. 1a ). This configuration covers the essential features of quantum optomechanics and can be transferred easily to all other optomechanical geometries. For more detailed descriptions of the variety of cavity optomechanics experiments we refer the reader to some of the recent excellent overviews [36] [37] [38] [39] [40] . The fundamental optomechanical radiation-pressure interaction H int = − g 0 n c X m couples the photon number n c of the optical intracavity mode to the (dimensionless) position X m of the mechanical mode ( : Planck's constant), with the single photon coupling strength g 0 . In the following, we focus on the situation in which the optomechanical cavity is driven by a strong external pump laser at frequency ω L . As shown in [43] [44] [45] , if the steady-state amplitude α c of the cavity field is large, i.e., |α c | 1, the drivingr esults in a linearized interaction described by
(1) with an opto-mechanical coupling rate [45] ) for an input power P of the driving laser and effective spectral detuning
between the cavity and the pump laser. The full Hamiltonian of the system is H = H 0 + H int with the free Hamiltonian
Equation (1) comprises two well-known interactions from two-mode quantum optics [46] : the first term describes the transfer of energy between the driving laser and the joint excitations of the optical and the mechanical modein quantum optics this interaction is known as two-mode squeezing or down-conversion [47] . It allows to generate both correlations and anticorrelations between pairs of quadratures of the involved modes and, for the case of sufficiently strong interaction, it will produce EinsteinPodolsky-Rosen (EPR) entanglement between the optical and mechanical mode [48] , fully analogous to the seminal demonstrations with two optical beams [49] . The second term describes energy transfer between the two modes and is equivalent to a quantum optical beamsplitter interaction. In optical experiments it is, e.g., at the heart of quantum state transfer protocols [46, [50] [51] [52] . In
FIG. 2: Mechanical Laser
Cooling. a Sketch of the setup that was used to perform resolved sideband cooling of a micromechanical resonator in a cryogenic Fabry-Pérot cavity (from [66] ). The cavity is pumped by two laser fields at orthogonal polarizations, derived from an ultralow phase-noise laser source (at 1064 nm). A weak, resonant beam (red) is used to lock the laser to the cavity resonance frequency ωc. Its phase quadrature is modulated by the mechanical motion, which can be read out via homodyne detection of the reflected resonant pump field. This allows, e.g., to infer the effective temperature of the mechanical mode from the noise-power spectrum of the cavity-field phase quadrature. A second, stronger beam is red detuned by the mechanical resonator frequency (∆ = ωm) and is used to cool the center of mass motion of this resonator mode. The cooling process (inset in b) takes place because the rate (A−) at which photons are scattered into the anti-Stokes sideband at the cavity resonance under extraction of a phonon is dominant compared to heating by scattering into the off-resonant Stokes sideband (A+). b The plot shows the calibrated effective mechanical mode temperature T ef f versus the observed mechanical damping Γ ef f for various power and detuning values of the cooling beam. No deviations from the theoretically expected powerlaw dependence (red solid line) can be observed, which demonstrates the absence of residual heating effects. In this experiment the fundamental mode of the micromechanical resonator has been cooled down to a mean occupation of n = 32 phonons, only limited by the unavoidable thermal coupling of the resonator to its environment. c Cross section of the 4 He cryostat to precool the optomechanical system. The optical access is provided through a thermal radiation shield. The bulk input coupler is mounted inside the cryostat. The chip (green), with the mechanical resonator (ωm ∼ 2π × 950 kHz, Q ∼ 30000) is cooled to 5 K. It can be aligned with respect to the second mirror forming the Fabry-Pérot cavity (F = 3900) with a bandwidth of 2π × 770 kHz, allowing operation in the moderately resolved sideband regime.
the optomechanical case, as long as photons can leave the cavity, this interaction can be used to actually cool the mechanical mode (see below). It is an essential feature that we can now "tune in" the type of interaction by simply choosing the right detuning ∆ between pump laser and optical cavity (see Fig. 1c ). Let us consider the three most relevant cases:
For resonant driving (∆ = 0) both terms contribute equally and the interaction resembles a quantumnondemolition (QND) interaction (see, e.g., [53] ). For example, this is the basis of high-sensitivity position measurements of the mechanical oscillator, and of proposals to perform a nondemolition measurement of the intensity of an optical beam passing through an optomechanical cavity [28, 29] . In essence, length changes that are induced by optomechanical coupling of different photon numbers do not affect the intensity response of the cavity, i.e., the light intensity remains unaltered. However, they leave a detectable signature in the cavity's phase response. In that way one can monitor the photon number without disturbing it. Some first experiments in this direction have been recently reported [54] . Another interesting application of this scenario is the generation of optical squeezing (see references above).
For detuned driving at ∆ = −ω m (+ω m ) the first (second) term in Eq. (1) becomes resonant. For weak coupling (g < κ) the strength of the nonresonant terms is suppressed by the factor (κ/ω m ) [55] ; therefore, operation in the so-called resolved sideband regime, i.e., κ ω m , is necessary for separating the two interactions. For increasing coupling strength the rotating-wave approximation will break down and one will have to take into account the full dynamics of Eq. (1) .
While the analogy between the quantum optical and the optomechanical situation is striking, there are some obvious differences between a mechanical resonator and a photon. Because the mechanical frequencies involved, ω m , are typically well below k B T / at room temperature, we will always find a room-temperature mechanical resonator in a thermal, i.e., maximally mixed, state. In contrast, for optical frequencies ω 0 k B T / for all relevant temperature scales; hence optical modes can, in the absence of noise, always be considered to be in a pure state. Sufficient purity of the mechanical mode will only be obtained for mode temperatures T < ω m /k B , i.e., T < 50 µK (50 mK) for a mechanical mode at ω m /2π = 1 MHz (1 GHz). In addition, the interaction strength needs to be sufficiently large to overcome the unavoidable coupling of the optomechanical system to its environment. In the following we will describe two concrete experimental examples, mechanical laser cooling and strong optomechanical coupling, to discuss the current status of these challenges and to provide an outlook for future directions.
Optomechanical laser cooling
As discussed before, for detuned driving at ∆ = +ω m the beamsplitter interaction is dominant and energy is converted between the intracavity field and the resonator. Because the scattered photons leak out of the cavity, energy is dissipated from the optomechanical system. Several proof-of-concept experiments have demonstrated this radiation-pressure-based cooling effect [16] [17] [18] [19] [55] [56] [57] [58] [59] ; it has been shown theoretically that, in the sidebandresolved regime [59] , ground-state cooling of the mechanical resonator is possible in principle [43] [44] [45] . To put it in the language of quantum-optomechanics: in this regime the resonant cooling (beamsplitter) interaction can become dominant over the nonresonant heating (two-mode squeezing) interaction and hence suppresses additional heating. This is reminiscent of sideband-resolved cooling of ions [60] , and indeed a close analogy exists [43] . Interestingly, and in contrast to ion cooling, in the optomechanical case there is no resonant heating term due to the driving field and therefore mechanical laser cooling is intrinsically faster than cooling of ions. The final occupation is given by n ∼ κ 2 /4ω 2 m and is equivalent to the Doppler temperature in atomic laser cooling [61] .
Yet, this cooling mechanism has to compete against additional sources of heating. Most importantly, thermal coupling of the mechanical resonator to its environment at temperature T results in an additional heating rate Γ th = (k B T )/( Q). Minimizing this effect requires either operation of an optomechanical cavity at low temperatures, i.e., in a cryogenic environment [19, 62, 63] , or mechanical resonators with small dissipation, i.e., high quality factor Q or, ideally, both. Second, phase-noise of the driving laser can give rise to an additional effective heat bath [64] . It has recently been shown, however, that currently available laser systems are sufficiently stable to allow for ground-state cooling [65] . Finally, absorption of photons in the mechanical resonator will certainly lead to additional heating and has to be prevented by a proper choice of materials and lasers.
A series of recent experiments has attempted to combine these requirements [57, 63, [66] [67] [68] and has demonstrated laser cooling of megahertz mechanical devices down to a level of 4 thermal quanta for nanoscale [68] and of 30 and 60 thermal quanta for microscale resonators [66, 67] (see Fig. 2 for a sketch of the experiment) . In all cases, one of the above residual heating mechanisms eventually prevented ground-state cooling. In most cases [57, 67, 68] , absorption of cavity photons led to excess heating, while in [63, 66] the thermal coupling rate Γ th was still too large (Γ th ∼ 1.4 × 10 7 ) compared to the achieved optical cooling rate (Γ bs ∼ 5 × 10 5 ). For the latter case, improving the mechanical quality [69, 70] in combination with better cryogenic systems is an obvious option. In a conservative yet optimistic scenario, one could presently expect a mechanical device with Q ∼ 10 6 operating inside a dilution refrigerator at T ∼ 100 mK, which would result in a minimum excess heating rate of Γ min ∼ 10 4 and hence allow laser cooling into the ground state. Another strategy to minimize Γ th has recently been suggested: optical trapping of dielectric objects may lead to a significant improvement in mechanical isolation and could even allow optical ground-state cooling starting from room temperature [71] [72] [73] . In analogy to the ion case, readout of the ground state could be performed via sideband-spectroscopy of the pump field [43] , where photons at the cavity frequency will be absent if the mechanical system is in its ground state, i.e., the mechanics cannot provide additional energy for the scattering process.
It should finally be noted that quantum optics provides also other means for cooling. The first proposal to achieve mechanical ground-state cooling has, for example, been made in the context of quantum atom optics [74] ]. In another approach, optical homodyning allows a direct readout of the mechanical phase space at the quantum limit. In combination with proper feedback, this monitoring can be used to actively drive the system into its quantum ground state [30, 31, 45, [75] [76] [77] .
Strong coupling between optics and mechanics
Based on these latest results there seem to be no fundamental issues that would prevent us from laser cooling mechanical resonators into their quantum ground state, i.e., to initialize the mechanical mode in a pure quantum state, even when starting from room temperature. For sufficiently high mechanical frequencies even brute-force cooling in cryogenic devices is sufficient [14] . In order to complete the quantum optical analogy we have to take into account the fact
Micromechanics in the strong coupling regime. When the optomechanical coupling rate overcomes the intrinsic decoherence rates, here the cavity decay rate and the mechanical damping rate, the optical mode becomes "dressed" by the mechanical mode. The new dynamics can be described by a set of "normal modes" of a truly hybrid optomechanical system. a Shown are the measured normal mode frequencies of the optomechanical system as a function of cavity detuning (from [82] ). The normal mode frequencies are obtained from fits to the emission spectra of the driven optomechanical cavity, which are measured via sideband homodyne detection of the cooling beam. For far off-resonant driving, the normal modes approach the limiting case of two uncoupled -one optical and one mechanical -systems (indicated by the dashed lines). At resonance and for sufficiently strong driving, the normal mode spectrum is split and results in an avoided level crossing. b and c compare a strongly driven optomechanical resonator to a strongly driven two-level system. In the absence of coupling both energy spectra comprise equidistant levels of energy N ωm with degeneracy N and 2, respectively. In the coupled case the degeneracy is lifted. In b, for a cavity in a coherent state with a mean numbers of nc photons (nc 1), each level splits up into an N -multiplett of dressed states |m, n that are separated by g = g0 √ nc (m + n = N , where m, n are the normal mode excitations). Emission of a cavity photon is accompanied only by transitions between dressed states |m, n and |m − 1, n or |m, n − 1 . Accordingly, emitted photons have to lie at sideband frequencies ωL + ω±, where ω± are the frequencies of the normal modes. This gives rise to a doublet structure in the sideband spectrum (bottom) with a splitting. As depicted in c, the same considerations lead to the four different allowed transitions in the case of a strongly coupled two-level system giving rise to the well-known Mollow-triplet in the atom resonance fluorescence. The analogy even holds for strong coupling in the single photon regime (yellow part) where for a two-level system vacuum Rabi splitting is observeda phenomenon that is predicted for the optomechanical case with a splitting of g 2 0 /ωm. that the optomechanical system is not perfectly isolated from its environment, particularly, if we compare it to the situation of two optical modes in a typical quantum optics scenario: photons leak out of the cavity at the cavity amplitude decay rate κ and the mechanical resonator exchanges phonons with its environment at a rate γ m , both leading to decoherence and inhibiting truly joint optomechanical quantum evolution. In order to generate coherent dynamics the time scale on which the optomechanical interaction takes place therefore needs to be smaller than the relevant decoherence time scales in the system. Depending on the specific aim in a given experiment, this requires operation in the large cooperativity regime (g > √ κ · γ m ) [78, 79] or even in the strong coupling regime (g > κ, γ m ) [32, 48, 80, 81] . We have demonstrated the latter in a recent experiment [82] by increasing the optical pump power close to the cavity instability. The obtained optomechanical coupling strength was sufficiently large to observe normal-mode splitting [44, 83] as an unambiguous signature of the strong coupling regime (see Fig. 3 ). The relevance of this regime can be seen by an analogy from atomic physics, where atoms can become "dressed" with the interacting photons [84] . Such dressed states are joint atom-photon states that are inherently entangled and are therefore an important ingredient for quantum state preparation [85] . In our case, the optomechanical dynamics in the strong coupling regime allows for a similar interpretation, because the system's normal modes establish a new set of dynamical variables that cannot be ascribed to either the cavity field or the mechanical resonator but are true hybrid optomechanical degrees of freedom, i.e., optical states dressed by the mechanical resonator (or vice versa). Interestingly, in such an analogy the observed normal-mode splitting can be viewed as spectral splitting from dressed-mode excitations, which are well-known as "Mollow-triplet" in atomic resonance fluorescence [82] . Our experiment demonstrates that the strong coupling regime is accessible with present-day optomechanical devices. However, because it has been performed at a room temperature environment all possible quantum effects are suppressed. A next experiment therefore has to combine strong optomechanical coupling with mechanical devices close to their quantum ground state in order to show the generation and control of true mechanical quantum states.
Towards Single-Photon Optomechanics
Thus far we have restricted our discussion to quantum optomechanics of a driven optomechanical cavity. On a final note we want to stress that optomechanical effects at the single-photon level [86] provide access to the so-far unexplored regime of nonlinear optomechanical interactions. Again, the analogy to quantum atom optics proves helpful: while the energy spectrum of a driven optomechanical system is reminiscent of a two-level atom that is excited by a strong laser field (hence the analogy to the Mollow triplet; see above), the single-photon regime allows state-dependent addressing of individual levels of the optomechanical system ( Fig.  3 ) and therefore resembles an optomechanical analogy of vacuum Rabi splitting. As is known, for example, from the field of cavity quantum electrodynamics (cavity-QED), such couplings allow for an even larger variety of protocols for quantum state engineering [85] . The heart of this regime is the generation of strong single-photon nonlinearities in the sense of "strong coupling". Current single-photon coupling rates, g 0 , in optomechanical systems have not yet reached this regime. For example, most present micro-optomechanical geometries reach values of g 0 that are several orders of magnitude smaller than the cavity decay rate κ. Only recently a few promising candidate systems have been introduced in form of coupled microdisc cavities [87] and of photonic waveguide structures [21] [22] [23] . Here, the radiation pressure forces depend on optical near-field effects that give rise to a significant enhancement of g 0 . What prevents operation in the single-photon optomechanics regime in these structures thus far is the optical quality, which limits the achievable cavity decay rates. However, the steady progress in the fabrication process may allow us to overcome this limitation soon and give rise to a new realization of cavity-QED in the strong, nonlinear coupling regime, where single atoms are replaced by single mechanical oscillators.
Summary and Outlook
The recent experiments involving nanomechanics and micromechanics show in an impressive way that the quantum regime of these systems can be exploited with a broad variety of approaches [10] . We have provided a brief glance into the field of quantum optomechanics, where quantum optics serves as a particularly helpful toolbox for achieving coherent control over quantum states of mechanical resonators.
While we could discuss only a few examples, many experiments worldwide are underway to exploit these fascinating ideas and their applications. For example, extending the established technology of mechanical sensing to the quantum regime of mechanical resonators may allow new sensing capabilities at or even beyond the quantum limit. Already today, "classical" mechanical resonators reach sensitivities that can resolve masses in the yoctogram (10 −24 kg) regime [88, 89] , forces in the zeptonewton (10 −21 N) regime [90] , or displacements in the attometer (10 −18 m) regime [91] , which in turn allowed the measurement of single electron spins [11] of the Casimir force [92] or of persistent currents [93] . It is an intriguing question to ask to what extent one can push these current performances by entering the quantum regime, e.g., in form of squeezed mechanical states [94, 95] . Another remarkable feature of nano-and micromechanical resonators is their versatility in coupling to many different physical systems, which can be achieved by functionalizing the mechanical object. In combination with their on-chip integrability they become a unique candidate as transducer systems for quantum information processing that enables large-scale coupling between otherwise incompatible quantum systems [96, 97] . Several proposals and experiments are attempting to establish an interface between mechanical resonators and atomic ensembles or even single atoms, which would allow to bring in additional concepts from atomic physics [79, [98] [99] [100] [101] . Finally, preparing quantum superposition states of massive mechanical objects that can contain up to 10 20 atoms opens up a new avenue for novel fundamental tests of macroscopic quantum physics [102, 103] , including decoherence at the quantum-classical transition [104] , tests of so-called collapse models [80, [105] [106] [107] , or analogues of Schrödinger's cat involving living biological systems [71] .
We have only begun to enter the realm of mechanical quantum systems, and these ideas are just examples for their immensely broad spectrum of possible applications. Quantum optomechanics is a promising route to achieve optical control over the mechanical quantum regime. It also provides a toolbox that can eventually be transferred to other implementations of nano-and micromechanics.
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